(D) FM3A wild-type or ts85 cells were cultured for 16 hr at 33°C or 39.5°C, UV irradiated at the indicated doses, and cultured for another hour at the same temperature. Cell lysates were subjected to immunoblot analyses using the anti-XPC (CT) antibody. The same lysates were also immunoblotted for lamin B1 as a loading control and monoubiquitylated histone H2A (uH2A). (E) The transformed XP4PASV cell line that stably expressed FLAG-XPC at physiological levels (XP4PASV/fXPC) was transiently transfected with an expression vector for HA-ubiquitin. Controls consisted of untransfected parental XP4PASV cells (lanes 1 and 5) and XP4PASV cells transfected with the vacant pCAGGS vector (lanes 2 and 6). At 7 hr of posttransfection, the cells were UV irradiated at 10 J/m 2 and incubated for another hour. Soluble cell extracts were prepared and subjected to immunoprecipitation with anti-FLAG M2 agarose. Aliquots of the cell extracts (3 g protein; lanes 1-4) as well as the immunoprecipitates (lanes 5-8) were subjected to immunoblot analyses using the indicated antibodies. (lane 7) . From these data, we conclude that UV irradiation induces the ubiquitylation of XPC.
al., 1996). To further investigate the involvement of UV-DDB in We found that, even when de novo protein synthesis was inhibited, the total amount of XPC was not signifi-XPC modification, Chinese hamster cell lines were used. Many established cell lines as well as primary cantly reduced after UV irradiation ( Figure 1B) . When we measured the levels of the authentic 125 kDa band lymphoid cells derived from Chinese hamsters lack UV-DDB activity (Hwang et al., 1998; Tang et al., 2000). As of XPC, we found its levels dropped upon UV irradiation and then rose again later on when the shifted bands shown in Figure 2B , the two Chinese hamster cell lines we used, V79 and CHO-K1, were also defective in the disappeared ( Figure 1C) . Therefore, the ubiquitylation of XPC appears to be reversible and does not serve as UV-induced shift in molecular weight of XPC. UV-DDB activity is conferred to V79 cells when human DDB2 a signal for degradation.
gene is stably expressed (Tang et al., 2000) . Interestingly, when human DDB2 (untagged or FLAG-tagged) UV-DDB Is Required for the Modification of XPC To explore possible relationships between XPC modifiwas expressed in V79 cells, the XPC modification upon UV irradiation was restored ( Figure 2C ). We also concation and the NER process, we examined the UVinduced shift in molecular weight of XPC in human cell firmed that transient expression of wild-type human DDB2 but not its two point mutants (K244E and R273H) lines belonging to different genetic complementation groups of XP and CS. As shown in Figure 2A , most of identified from XP-E patients complemented the defect of UV-induced XPC band shift in XP2ROSV cells (data the mutant cells exhibited normal band shifting of XPC upon UV irradiation. Intriguingly, however, the XPC not shown). These results indicate that UV-DDB activity is necessary for the UV-induced modification of XPC. band shift was not induced in two independent XP-E Figure 3 . XPC Physically Interacts with UV-DDB (A) The V79 transformant expressing FLAG-DDB2 was UV irradiated at the indicated dose (lanes 2-4). After incubation at 37°C for 1 hr, soluble cell extracts were prepared, FLAG-DDB2 was immunoprecipitated with anti-FLAG antibody beads, and aliquots of the bound fractions were subjected to immunoblot analyses with the indicated antibodies. As a negative control, the unirradiated, V79 transformant containing the vacant expression vector was processed in the same way (lane 1). (B) Purification of recombinant UV-DDB. Purified FLAG-DDB1 (150 ng) and FLAG-DDB1/DDB2 heterodimer (200 ng) were subjected to SDS-PAGE (with a 4%-20% gradient gel) followed by silver staining. M, molecular weight markers. (C) Anti-FLAG antibody beads (20 l) prebound to either FLAG-DDB1 (1.3 g) or FLAG-DDB1/DDB2 (1.8 g) were incubated with XPC-HR23B-His (150 ng), XPC alone (103 ng), or HR23B alone (47 ng). After unbound materials were washed out, aliquots of the bound proteins were subjected to immunoblot analyses using the indicated antibodies (lanes 4-8). One percent of the input XPC and/or HR23B proteins were loaded onto the same gel as controls (lanes 1-3).
UV-DDB Physically Interacts with XPC
purified recombinant proteins. FLAG-DDB1 and DDB2 proteins were coexpressed in insect cells using the The above findings indicating some functional interaction between XPC and UV-DDB prompted us to exambaculovirus system. With our baculovirus construct, FLAG-DDB1 was expressed in a large excess over ine whether they interacted physically as well. When FLAG-DDB2 in the stable V79 transformant was immu-DDB2, enabling us to separately purify the FLAG-DDB1/DDB2 complex and free FLAG-DDB1 from the noprecipitated from soluble cell extracts, both DDB1 and endogenous XPC were coprecipitated ( Figure 3A) . same infected cell extract ( Figure 3B ). Either the purified UV-DDB complex or FLAG-DDB1 was bound to This suggests that UV-DDB indeed interacts with XPC in vivo. This interaction was present in both unirradianti-FLAG antibody beads, which were then incubated with purified XPC-HR23B-His complex. A significant ated and irradiated cells, although UV irradiation significantly reduced the amount of UV-DDB and XPC that amount of XPC-HR23B-His coprecipitated with the UV-DDB complex, while its binding to FLAG-DDB1 alone was precipitated. This is probably because UV-DDB becomes tightly bound to the UV-induced lesions and was close to background levels ( Figure 3C , compare lane 6 with lanes 4 and 5). This indicates that DDB2 is thus is not soluble during the extraction procedure (Otrin et al., 1997).
required for the interaction of UV-DDB with XPC. When XPC and HR23B were added separately to the UV-DDB To demonstrate a direct interaction between XPC and UV-DDB, binding experiments were carried out using heterodimer, only XPC was detected in the bound frac- 
and 7). 2003). This, together with our data, strongly suggests
To examine the specificity of this in vitro ubiquitylathat the UV-DDB-E3 complex may be responsible for tion, XPC-HR23B-His and FLAG-XPA were simultathe ubiquitylation of XPC. To test this idea, cell-free neously included in the reaction. While XPC and DDB2 ubiquitylation assays were carried out. The four subwere ubiquitylated extensively, little band shifting was units (DDB1, DDB2, cullin 4A, and Roc1) were exobserved with FLAG-XPA ( Figure 4C ) and DDB1 (data pressed simultaneously in insect cells, and the heteronot shown) in the same reaction. Although a low pertetrameric complex was purified ( Figure 4A ). When centage of HR23B-His appeared to be conjugated to XPC-HR23B-His was incubated with this UV-DDB-E3 one or two ubiquitin moieties (see bands indicated by complex in the presence of E1, E2 (UbcH5a), ubiquitin, dots in Figure 4C ), the band shifting was nonetheless and ATP, a shift in the molecular weight of XPC was much less pronounced than XPC and DDB2. Thus, the detected ( Figure 4B ). The shift appeared to depend on in vitro ubiquitylation system appeared to retain similar each of the protein components (lanes 2-7). The use of substrate specificity as observed in the UV-irradiated GST-tagged ubiquitin instead of normal ubiquitin recells ( Figure 1B ). sulted in an altered pattern of the shifted XPC bands Since XPC and DDB2 were ubiquitylated in vitro by (lane 9), strongly suggesting that the observed band the same E3 complex, the in vivo fates of the two proteins after UV irradiation were compared. To do this, shift is due to conjugation to ubiquitin. Furthermore, we used the V79 transformant expressing FLAG-DDB2, Intriguingly, when all factors required for ubiquitylasince the available anti-DDB2 antibodies cannot detect tion were present, only ubiquitylated XPC was detected endogenous DDB2 expressed in human cells with suffiin the DNA bound fractions, although a significant part cient sensitivity. When the cells were UV irradiated and of XPC still remained unmodified in the unbound fracincubated in the presence of cycloheximide, XPC untion ( Figure 5A , lanes 7-9). It was also notable that the derwent reversible modification (lanes 1-6 in Figure S3 about 2-fold increase in the XPC that was retained by When XPC alone was incubated with the DNA beads, DNA beads. However, this effect was observed with unonly a part of the input protein was detected in the damaged DNA beads as well as with 6-4PP beads (see bound fractions (lanes 1-3). We have shown previously quantitative data in Figure 5C ) and CPD beads (data ) and in Figure S4B by using the not shown). Therefore, ubiquitylation appeared to augelectrophoretic mobility shift assay that XPC specifiment the DNA binding of XPC rather than to alter its cally binds to 6-4PP and not to CPD, when XPC was specificity. added in excess over the damaged DNA; the addition of appropriate competitor DNA was also necessary to Effects of Ubiquitylation on Cell-Free NER Incision absorb the nonspecific DNA binding activity of XPC so Finally, we investigated the effects of the ubiquitylation that its binding specificity could be unveiled. The bindmediated by the UV-DDB-E3 complex on the cell-free ing specificity of XPC for 6-4PP was not as evident in NER incision reaction. For this purpose, we prepared a the DNA binding assay shown in Figure 5A , probably whole-cell extract from the human lymphoblastoid cell because the protein:DNA ratio was much lower and line GM01646, which was derived from an XP group E competitor DNA was not included. The presence of the patient. An internally 32 P-labeled double-stranded cir-UV-DDB-E3 complex did not affect the binding propercular DNA substrate containing a single 6-4PP was first ties of XPC if ubiquitylation did not occur ( Figure 5A , preincubated with various amounts of UV-DDB (FLAGlanes 4-6). In the same reactions, both DDB1 and DDB2 DDB1/DDB2 heterodimer). The mixtures were then inwere bound to the 6-4PP beads in a nearly quantitative cubated with the XP-E cell extract (100 g of protein), manner (lane 6), while little binding was observed with and the labeled dual incision products containing the the undamaged DNA beads (lane 4). Both the affinity lesion were separated and detected by denaturing and specificity of UV-DDB for 6-4PP thus seemed to be PAGE. As shown in Figure 6A , the preincubation with far higher than those of XPC. The binding of UV-DDB UV-DDB had little effect on the dual incision around to CPD was also observed, although the affinity ap-6-4PP in the cell extract under the conditions tested peared to be much lower than that for 6-4PP, as ex- (lanes 1-4) . However, when 20 g of methylated ubiquipected from previous reports (Fujiwara et al., 1999; tin was added, UV-DDB inhibited the repair of 6-4PP in Reardon et al., 1993; Treiber et al., 1992) and our mobila dose-dependent manner (lanes 9-12; see also quantiity shift assays ( Figure S4C ). In addition, a significant tative data in Figure 6B ). This inhibition was much less amount of cullin 4A remained in the unbound fraction pronounced in the presence of the same amount of noreven in the presence of the 6-4PP beads ( Figure 5A , mal ubiquitin (lanes 5-8) but similar to when K-less lane 6), suggesting a somewhat unstable association of the E3 subunit with the UV-DDB core.
ubiquitin was substituted for methylated ubiquitin (data 
not shown). From a quantitative immunoblot analysis,
the formation of relatively long polyubiquitin chains is important for subsequent processing of the lesion by we estimated that no more than 0.5 g of endogenous, unconjugated ubiquitin was present in the extract in-NER. Similar experiments were carried out with a DNA substrate containing CPD instead of 6-4PP. In agreecluded in a reaction (data not shown). Therefore, it was likely that the addition of K-less or methylated ubiquitin ment with the previous report (Wakasugi et al., 2001) , preincubation of the CPD substrate with UV-DDB rein such a large excess may competitively block the elongation of polyubiquitin chains. Immunoblot analysulted in a weak but detectable stimulation of dual incision in the XP-E cell extract, although quite large ses revealed that UV-DDB-dependent polyubiquitylation of XPC indeed occurred in the NER reaction using amounts of UV-DDB were required ( Figure S6 ). In the presence of methylated ubiquitin, some stimulation by the crude extract and that this was inhibited by the addition of K-less ubiquitin ( Figure S5) . The above results UV-DDB could still be observed. To examine the direct involvement of ubiquitylation in thus suggest that, when UV-DDB is bound to 6-4PP, NER, we set up the reconstituted NER reaction with in the DDB2 gene leads to inactivation of UV-DDB (Nichols et al., 1996) . This suggests that, in these cells, purified proteins. By using six purified essential NER factors (i.e., XPC-HR23B-centrin 2, XPA, XPF-ERCC1, E3 may never be activated even after UV irradiation. (Figure 2A ). These observations indicate that XPC ubiquitylation may depend solely on the could be detected with the internally radiolabeled 6-4PP substrate ( Figure 6C, lane 2) . The addition of the presence of functional UV-DDB and not on subsequent steps in the NER pathway. UV-DDB-E3 complex resulted in dose-dependent inhibition of the dual incision (lanes 3-5) if other ubiquitylatAlthough our UV-DDB-associated recombinant E3 complex was active in the absence of DNA (Figure 4) , ing factors (E1, E2, and ubiquitin) were not present. Although the involvement of the ubiquitylating factors its activity seemed to be further stimulated by the presence of 6-4PP ( Figure 5A ). This strongly suggests that had little effect on the repair of 6-4PP ( Figure 6D, lane  3) , the inhibition caused by the UV-DDB-E3 complex the binding of UV-DDB to the lesion may affect the activity of UV-DDB-associated E3. Unlike the effect of UV appeared to be relieved at least partially in the presence of these factors ( Figure 6D , compare lanes 4 and irradiation, XPC ubiquitylation was much less pronounced when cells were treated with chemicals such 5). The ubiquitylation of XPC under these reaction conditions was confirmed by immunoblotting ( Figure 6E) . as 4-NQO ( Figure S1 ). This may be related to the observation that UV-DDB poorly recognizes 4-NQO-induced In this reaction system, the efficiency of incision around CPD was too low to be detected. These results indicate lesions (Payne and Chu, 1994). We also found that the binding affinities of UV-DDB for bubble and loop structhat the elongation of polyubiquitin chains is important for NER of 6-4PP when UV-DDB is bound to the lesion.
In contrast, XPC is normally ubiquitylated in XP-A, -B, XPG, transcription factor IIH [TFIIH], and replication protein A [RPA]), a significant level of dual incision -D, -F, and -G cells
tures are far lower than that for 6-4PP ( Figure S4C ). This suggests that UV-DDB is not a versatile damage recognition factor like XPC; rather, it specializes in recogDiscussion nizing UV lesions, particularly 6-4PP.
Such biochemical properties of UV-DDB may explain why exposure to UV UV-DDB-Dependent Ubiquitylation of XPC but not the chemical carcinogen 7,12-dimethylbenzWe have shown that the XPC protein is ubiquitylated [a]anthracene induced skin tumors in DDB2-deficient in response to the UV irradiation of cells and that this mice (Itoh et al., 2004). Taken together, it appears that ubiquitylation requires functional UV-DDB activity. It the activation of E3 and the consequent ubiquitylation has been shown recently that UV-DDB associates in
of XPC are not associated with all GG-NER lesions; vivo with cullin 4A, Roc1, and COP9 signalosome, rather, the occurrence of these events depends on the which suggests that this supercomplex may function binding affinity of UV-DDB for the induced lesions. as the E3 ligase complex (Groisman et al., 2003) . The autoubiquitylation of cullin 4A subunit was indeed detected, but the physiological substrates of this E3 activRoles of Ubiquitylation in GG-NER Although XPC acquired polyubiquitin chains in our cellity were not identified. Therefore, XPC is the first example of such an E3 substrate. This observation links the free system, the UV-induced modification of XPC appeared to be reversible and did not induce degradation two known NER damage recognition factors and suggests a mechanism by which they operate together in via the 26S proteasome. Mechanisms that protect the ubiquitylated XPC from degradation thus may exist. In NER.
Our present study demonstrates a direct physical inregard to this, it has been noted that complex formation with HR23 (Figbe activated only when bound to UV-damaged chromatin. This also suggests that the ubiquitylation of XPC ure S4) and UV-DDB rapidly translocates into the locally irradiated area in the nucleus without functional XPC may occur exclusively on the damaged DNA (Figure 7) . In our cell-free system, the addition of damaged DNA (Wakasugi et al., 2002) , UV-DDB is probably the first NER factor to recognize and bind 6-4PP in vivo. Notawas not necessary for XPC ubiquitylation. This is not surprising, because we used the recombinant UV-DDBbly, although the addition of UV-DDB inhibited our NER reactions that were reconstituted with six purified E3 complex that lacks the COP9 signalosome and is thus constitutively active. For the two XP-E cell lines essential proteins (Figure 6C ), the reactions using the XP-E cell extract appeared to be much more resistant used in this study (XP2ROSV and XP82TO), mutations to UV-DDB (Figure 6A ), which strongly suggests that 6-4PP (Figure 7) . The evidence for this notion is as follows. First, UV-DDB appears to lose its high binding specific factors are required for the repair of 6-4PP in the presence of UV-DDB. One can imagine that the exaffinity for 6-4PP when DDB2 is extensively polyubiquitylated, whereas XPC polyubiquitylated under the same tremely stable binding of UV-DDB to 6-4PP could prevent the subsequent binding of other GG-NER factors, conditions displayed a higher DNA binding activity compared to its unmodified form ( Figure 5 ). These alterincluding XPC. Based on our present results, we propose that UV-DDB-dependent polyubiquitylation is ations in DNA binding properties would certainly aid the replacement of UV-DDB by XPC. Second, the inhibition involved in the displacement of UV-DDB by XPC from of polyubiquitin chain elongation by adding K-less or more strongly than XPC). These observations together methylated ubiquitin revealed the UV-DDB-dependent appear to add quite novel insights into the damage reinhibition of 6-4PP repair in the XP-E cell extract (Figcognition mechanisms involved in DNA repair, as well ures 6A and 6B). Finally, the addition of the ubiquitylaas to the functions of ubiquitylation. However, it cannot tion factors to the reconstituted NER reaction removed be excluded that the ubiquitylation of XPC and UV-DDB the UV-DDB-dependent inhibition of 6-4PP repair (Figmay play additional roles. For instance, polyubiquityure 6D), although the incision activity was only partially lated XPC and/or DDB2 may be involved in signal transrestored under the conditions tested. This might be exduction pathways that are activated in response to plained by the relatively unstable association of E3 in DNA damage. In addition, the degradation of DDB2 our preparation of the UV-DDB complex (Figure 5A) , itself may serve as a certain intracellular signal. To fully since UV-DDB that has lost E3 probably inhibits the reunderstand the roles of UV-DDB-dependent ubiquitylapair of 6-4PP. Moreover, the reconstituted NER reaction tion, it would be of great interest to generate mutant may still be missing additional factors that are present XPC and DDB2 molecules that specifically lack their in the crude cell extract and are specifically required interaction or ubiquitylation sites. In addition, it would when UV-DDB-dependent ubiquitylation occurs.
be highly informative to identify the factors that interact In XP-E cells lacking UV-DDB, GG-NER of 6-4PP is specifically with ubiquitylated XPC and/or UV-DDB. almost normal, even though UV-induced ubiquitylation 
